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The purpose of this study is to investigate if the pathway to reach a 2 degree warmer world influences the
regional climate in Europe at the time of 2 degrees of global warming above the pre-industrial level. We
have investigated this using climate change data from ensembles of both Global Climate Models and
Regional Climate Models. We compare the change of regional temperature in Europe to the global tem-
perature change for different emission scenarios, following the IPCC Representative Concentration
Pathways (RCP), to see if the pathway has any influence. We find that there is a small but significant dif-
ference in the regional temperature change, but the effect is small compared to internal variability on the
timescales involved in reaching +2 degrees for the investigated emission scenarios. From an adaptation
point of view, reaching +2 degrees as slowly as possible will obviously allow for a longer time period
to implement adaptation measures to mitigate the effect of climate change.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Practical implications
At the UNFCCC Conference of the Parties in Cancun (UNFCCC, 2010), the parties agreed to prevent the global warming from
increasing above 2 degrees relative to the pre-industrial level. The changes in the regional climate at this level of warming and
the related impacts on e.g. health, tourism (e.g. Grillakis et al., 2015, 2016), energy consumption/production, agriculture and floods
and drougths (e.g. Roudier et al., 2016) have been the focus of the recent EU-FP7 project IMPACT2C. Some of the main results regard-
ing what a 2 degrees warmer world looks like are available in the IMPACT2C Atlas on https://www.atlas.impact2c.eu/en/ and in the
policy briefs as e.g. Effects of 2 C Warming – IMPACT2C modelling results: climate change and sea-level rise from a 2 C climate
(Watkiss et al., 2015, but see also Watkiss et al., 2013). The abovementioned goal of the UNFCCC of a global warming limit of +2
degrees implicates that it is of no importance how fast we reach this threshold, but that only the value of the global warming is
important. It is a known fact that this is not the case for sea level rise, where the pathway to reaching +2 degrees is important for
the projectedmean sea level. The present study investigates if another parameter, namely the local and regional temperature change
over Europe in a 2 degrees warmer world, is dependent on how long time it takes to reach the +2 degrees. The time to reach +2
degrees is dependent on emission path; the higher the level of emissions, the faster +2 degrees will be reached. If the regional tem-
perature change is dependent on emission path, the consequences of global warming cannot simply be described at general levels
of global warming but would need extra information about the pathway taken, hence complicating intercomparisons of impacts cal-
culations. The globe does not warm completely uniformly due to varying thermal inertia of the climate system e.g. caused by the
oceans’ slower heat uptake. Generally land areas warm faster than ocean areas (IPCC, 2013). The degree of pathway dependence
on the regional temperature change over Europe is investigated in this study using the available ensembles of GCM simulations
for various emission scenarios.
We use a multi-model ensemble of 120 GCM simulations from CMIP5, distributed on 22 different GCM’s and three RCP scenarios
(RCP2.6, RCP4.5 and RCP8.5), and for each simulation determine the time when the global temperature reach 2 degrees above the
pre-industrial level for a 30 year period. For this period we then calculate the regional temperature change over Europe. Analyzing
this set of time to reach +2 degrees and regional temperature change data, we find that the regional temperature change does
depend on the time to reach +2 degrees with a factor of about 9103 C/yr. I.e. that if the time to reach +2 degrees can be prolongedof Eur-
2 C.F. Maule et al. / Climate Services xxx (2016) xxx–xxxby about 15 years, the regional temperature change over Europe will be reduced with about 0.14 C; prolonging the time by about
25 years will reduce the average warming over Europe by about 0.23 C.
Therefore from an adaptation point of view prolonging the time before +2 degrees is reached will not only allow for more time for
implementing appropriate adaptation measures for the +2 degrees changed climate, it will also mean that the regional temperature
change over Europe will be lower when that global value is reached than if the +2 degrees is reached quickly. This is likely to mean
that consequences of high-temperatures like e.g. heat waves probably would be less in a world which reaches the +2 degrees slowly
than in a world where the +2 degrees is reached quickly. In short, the sooner emissions are lowered, the higher the mitigation effects
on local and regional temperature changes in Europe will be for a given global warming target like the +2-degree goal.1. Introduction
This study is part of the FP7 project IMPACT2C, which investi-
gates the impacts of a global warming of 2 C (hereafter +2C) over
the pre-industrial level. To investigate the consequences of such a
+2C warming, an ensemble of climate model simulations is used,
but IMPACT2C takes a novel approach on how to analyze the
ensemble: Traditionally, the research focus lies on a well-defined
future time-slice (for example 2021–2050 or 2071–2100), where
statistical properties of an ensemble of climate models are investi-
gated. In contrast to that, in IMPACT2C, the fact that different cli-
mate models project different temperature changes with time
was embraced, and the future time-slices considered are defined
as the period when the individual climate simulations used reach
+2C for a 30 year period. In short each GCM will be analyzed for
a different future time slice, and all these possible climates of
+2C have been compared and are considered equal members of a
+2C ensemble (Vautard et al., 2014). One of the advantages of this
approach is that ensemble sizes can be increased, as simulations
from different scenarios can be lumped together.
The assumption that the climate in a +2C world is independent
of how fast the +2C is reached is thus fundamental in the
IMPACT2C project. It is therefore worthwhile testing if this hypoth-
esis holds. The +2C time-slices are picked out of transient simula-
tions and correspond to different radiative forcings, aerosol loads
and CO2 concentrations, and very different rates of change. In this
work we want to discuss whether those +2C worlds also can be
compared on a regional scale. In particular we want to check
whether reaching +2C global temperature change later in time
has any implications on regional temperature change.
Studies such as Matthews et al. (2012) have shown that global
warming projected by GCMs for a given year can largely be associ-
ated with cumulative CO2 emissions, being independent of the
underlying emission scenario; see also IPCC (2013) Fig. SPM10,
when themulti-model mean of a large ensemble of GCMs is consid-
ered. So in this case given a cumulative carbon emission budget,
global temperature warming can be estimated regardless of the
specified time-slice or emission scenario. This would legitimate
the comparison between different time-slices of +2C worlds shaped
by different scenarios at least on a global scale. However, the indi-
vidual GCMs have different climate sensitivities and disagree on the
amount of global warming for a given cumulative emission.
It is well known that several processes in the climate system
involve inertia, which makes it relevant to study if the path taken
to reach +2C affects the regional climate. A number of studies have
investigated the effect of thermal inertia in the climate system.
Many are based on idealized experiments with either a sudden
complete cessation of carbon emissions, an abrupt increase, or a
short large-amplitude emission pulse; the response of the climate
system to the sudden changes in atmospheric CO2 content is then
analyzed. Using such an idealized experiment where the forcing
was abruptly returned to pre-industrial levels Held et al. (2010)
probed the fast and slow components of changes in the near surface
air temperature due to changes in the forcing. They found different
spatial patterns of the fast and slow components; with the fastPlease cite this article in press as: Maule, C.F., et al. The effect of the pathway t
ope. (2016), http://dx.doi.org/10.1016/j.cliser.2016.07.002component generally having above averagewarmings over the con-
tinents and in the Arctic, whereas the slow component has a more
distinct latitudinal dependence with above average warming pole-
ward of 40N and 40S and below averagewarming in between. The
fast component reacts very quickly to changes in forcing, with a
characteristic time scale of less than 5 years, while the slow compo-
nents have a typical time scale of a few decades. Effects on this time
scale are relevant to the present study.
Several studies have touched on the issue of regional tempera-
ture change compared to global temperature change. Gillett et al.
(2011) found that regional temperatures change even when the
global mean temperature remains almost constant, due to pro-
cesses of different thermal inertia, based on an experiment inves-
tigating the effects of a complete cessation of CO2 emissions
using the Canadian Earth System Model, CanESM1. In a different
study by Ishizaki et al. (2012) the temperature scaling pattern
dependency on the RCPs was investigated based on an ensemble
of MIROC5 (Watanabe et al., 2010) simulations. They found sce-
nario dependence of the surface air temperature scaling pattern
over Europe which was mainly due to sulfate aerosols (Mitchell
et al., 1999; Ishizaki et al., 2012). These studies based on single-
model experiments indicate that the regional temperature change
over Europe is not determined solely by the global temperature
change. Taking a multi-model approach, a recent study by
Christensen et al. (2015) based on a large ensemble of transient
RCM simulations primarily from the EU FP7 project ENSEMBLES
data base (van der Linden and Mitchell, 2009), found that many
regional average fields, including temperature, over Europe scale
linearly with global warming. In this study we take a multi-
model approach and search for the effect detected in the above-
mentioned single-model experiments; the main question is,
whether thermal inertia has a detectable effect on the time-
scales at which +2C is reached for the current scenarios.
We have investigated the effect of the scenario on the European
climate exemplified by temperature in a +2C world. The scenarios
we have investigated are standard IPCC scenarios, the so-called
Representative Concentration Pathways (RCPs) (van Vuuren et al.,
2011). Fig. 1 shows the radiative forcing of the four RCP scenarios,
RCP2.6, RCP4.5, RCP6.0 and RCP8.5. It is evident from the figure
that until 2025–2030 the different RCPs follow each other very clo-
sely. Any effect of the scenario on the change in global mean tem-
perature can obviously only be detected when the scenarios differ
significantly with respect to radiative forcing. Recent analyses con-
clude that the maximum warming caused by pulse emissions of
CO2 manifest themselves about 10 years up to several centuries
after the emission depending on the emission size (Ricke and
Caldeira, 2014; Zickfeld and Herrington, 2015); one of the main
reasons for this time lag is ocean thermal inertia. The time lag
means that visible effects in global temperature will only be clear
some time after the time when scenarios differ noticeably in forc-
ing. We set 2040 as the limit after which we would expect to see
differences in the regional temperature change.
A central part of the IMPACT2C project has been to evaluate the
impact of +2C using a suite of impact models covering topics like
sea level rise, crop models, hydrological and socio-economico a two degrees warmer world on the regional temperature change of Eur-
Fig. 1. The radiative forcing of the RCPs starts to differ from each other in about
2025–2030; before this the radiative forcing of the different scenarios is very
similar. The colored ticks at the bottom of the plot show where the GCMs analyzed
in this study reach +2C for the different scenarios. RCP6.0 is not included in this
study and is only shown for reference. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
C.F. Maule et al. / Climate Services xxx (2016) xxx–xxx 3models. The input to the impact models has primarily been (bias-
corrected) RCM data of dynamically downscaled GCM simulations.
Due to this, and because this study looks at the effects of a global
parameter on a regional parameter, we have used both an ensem-
ble of GCMs and an ensemble of Regional Climate Model (RCM)
simulations following the different RCPs, and then looked at what
the temperature change in Europe is in the +2C world. Section 2
describes the data we have used. The analysis and results are pre-
sented in Section 3, and in Section 4 there is a short discussion of
the results. In Section 5 the conclusion is drawn.Table 1
The analyzed GCMs, the institutions behind them and the number of realizations of each
Institute
Commonwealth Scientific and Industrial Research Organisation and Bureau of
Meteorology, Australia
Beijing Climate Centre, China Meteorological Administration, China
National Centre for Atmospheric Research (NCAR), USA
Centre National de Recherches Meteorologiques, Meteo-France, France
Australian Commonwealth Scientific and Industrial Research Organization, Australia
Canadian Centre for Climate Modelling and Analysis, Canada
Royal Netherlands Meteorological Institute, The Netherlands/Danish Meteorological
Institute, Denmark/Swedish Meteorological and Hydrological Institute, Sweden
Geophysical Fluid Dynamics Laboratory, USA
Geophysical Fluid Dynamics Laboratory, USA
Geophysical Fluid Dynamics Laboratory, USA
Goddard Institute for Space Studies, USA
Met Office Hadley Centre, UK
Met Office Hadley Centre, UK
Institute Pierre-Simon Laplace, France
Institute Pierre-Simon Laplace, France
AORI, NIES, JAMSTEC, Japan
AORI, NIES, JAMSTEC, Japan
AORI, NIES, JAMSTEC, Japan
Max Planck Institute for Meteorology, Germany
Meteorological Research Institute, Japan
Norwegian Climate Centre, Norway
Institute for Numerical Mathematics, Russia
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To study if the pathway to +2C influences the regional temper-
ature in Europe we have analyzed the 2-m air temperature of
ensembles of GCM and RCM simulations. The GCM ensemble con-
sists of 120 CMIP5 (Taylor et al., 2012) simulations, 22 different
GCMs are represented in the ensemble, and most of these GCMs
have been driven by more than one of the RCP scenarios. No
RCP6.0 simulations were used in IMPACT2C, and they are not
included in this study either. Some of the GCMs have been driven
multiple times with the same scenario providing several realiza-
tions of the same model-scenario combination. Table 1 lists the
22 different GCMs along with the number of realizations of each
scenario.
The RCM ensemble is somewhat smaller and consists of 30
Euro-CORDEX (Gobiet and Jacob, 2012; Jacob et al., 2013;
Kotlarski et al., 2014) simulations; 15 forced by RCP4.5 and 15
forced by RCP8.5. We have used the Euro-CORDEX simulations
with 0.44 degrees horizontal resolution, as more 0.44 simulations
were available than 0.11 degree simulations. The 15 different
GCM-RCM combinations of the EURO-CORDEX simulations used
are listed in Table 2; we used all the simulations available on the
ESGF data portal at the time of analysis. Only very few RCP2.6
experiments have been downscaled, so for this part we have cho-
sen to focus on the difference between RCP8.5 and RCP4.5. The
model combinations are made up of 9 different GCMs and 6 differ-
ent RCMs, with the RCM SMHI-RCA4 being highly overrepresented,
as SMHI had produced a lot more simulations than any other insti-
tution and been quick to upload their data to ESGF.3. Methods
The goal is to investigate how the regional temperature over
Europe is influenced by the pathway to +2C. We can see if the
regional temperature over Europe differs at the time when +2C is
reached globally, by comparing simulations of the same GCM or
GCM-RCM combination for different emission scenarios. To make
such comparisons, the time at which the global temperature has
changed with +2 degrees above pre-industrial level was calculated
for all the CMIP5 simulations listed in Table 1. The time to +2C wasof the three scenarios.
GCM RCP2.6 RCP4.5 RCP8.5
ACCESS1-3 0 0 1
BCC-CSM1.1 0 1 1
CCSM4 0 6 6
CNRM-CM5 0 1 1
CSIRO-Mk3-6-0 6 10 10
CanESM2 5 5 5
EC-EARTH 0 6 4
GFDL-CM3 1 1 1
GFDL-ESM2G 0 0 1
GFDL-ESM2 M 0 0 1
GISS-E2-R 0 0 1
HadGEM2-CC 0 1 1
HadGEM2-ES 4 4 4
IPSL-CM5A-LR 1 3 3
IPSL-CM5A-MR 0 1 1
MIROC-ESM 1 1 1
MIROC-ESM-CHEM 1 1 1
MIROC5 0 3 3
MPI-ESM-LR 0 3 3
MRI-CGCM3 0 1 1
NorESM1-M 0 1 1
INMCM4 0 0 1
o a two degrees warmer world on the regional temperature change of Eur-
Table 2
The Euro-CORDEX 0.44 simulations used, specifying both the driving GCM including institution name and ensemble member and
the RCM used, also including institution/community name. In the remainder of the text, we use the somewhat shorter names in
the right column when referring to specific GCM-RCM simulations.
GCM RCM Short name
CCCma-CanESM2_r1i1p1 SMHI-RCA4 CanESM-RCA
CCCma-CanESM2_r1i1p1 CCCma-CanRCM4 CanESM-CanRCM
CNRM-CERFACS-CNRM-CM5_r1i1p1 SMHI-RCA4 CERFACS-RCA
CSIRO-QCCCE-CSIRO-Mk3-6-0_r1i1p1 SMHI-RCA4 CSIRO-RCA
ICHEC-EC-EARTH_r1i1p1 KNMI-RACMO22E ECEARTH-RACMO
ICHEC-EC-EARTH_r3i1p1 DMI-HIRHAM5 ECEARTH-HIRHAM
ICHEC-EC-EARTH_r12i1p1 SMHI-RCA4 ECEARTH-RCA
IPLS-IPSL-CM5A-MR_r1i1p1 IPSL-INERIS-WRF331F IPSLCM-WRF
IPLS-IPSL-CM5A-MR_r1i1p1 SMHI-RCA4 IPSLCM-RCA
MIROC5-MIROC5_r1i1p1 SMHI-RCA4 MIROC-RCA
MOHC-HadGEM2-ES_r1i1p1 SMHI-RCA4 HadGEM-RCA
MPI-M-MPI-ESM-LR_r1i1p1 CLCcom-CCLM4-8-17 MPIESM-CCLM
MPI-M-MPI-ESM-LR_r1i1p1 SMHI-RCA4 MPIESM-RCA
NCC-NorESM1-M_r1i1p1 SMHI-RCA4 NorESM-RCA
NOAA-GFDL-GFDL-ESM2M_r1i1p1 SMHI-RCA4 GFDLESM-RCA
4 C.F. Maule et al. / Climate Services xxx (2016) xxx–xxxconstructed from two parts (Vautard et al., 2014). The first part
concerns then period from the pre-industrial time slice (1881–
1910) to the baseline time slice (1971–2000), where the tempera-
ture change is determined from observations. This was determined
to be 0.46 C (Vautard et al., 2014) based on three different global
data sets (GISS LOTI, HadCRUT3 and NOAA NCDC). The second part
concerns the period from the baseline to the +2C period, which is
the time at which the 30-year running mean of the global mean
temperature of each GCM reaches or exceeds 1.54 C above the
GCMs value in the baseline time slice. The time of +2C, t2C, is given
as the central year of this 30-year time-slice.
The regional temperature change values over Europe for the +2C
periods were calculated for the GCMs by averaging over all grid
points within a box bounded by 25W and 33E and 35N to
72N. For the GCM-RCM simulations we look at the same region
but additionally calculate the regional temperature over land
points only to emphasize the land-sea differences in warming.
Land areas generally warm more than ocean areas (see e.g. IPCC,Fig. 2. Map of the entire EU region, with th
Please cite this article in press as: Maule, C.F., et al. The effect of the pathway t
ope. (2016), http://dx.doi.org/10.1016/j.cliser.2016.07.0022013), as the land has a smaller effective thermal inertia than the
ocean. In addition to looking at entire Europe, we have also studied
some smaller sub-regions namely Scandinavia (SC: 5–30E, 55–
70N), Mediterranean (MD: 3–25E, 36–44N) and the British Isles
(BI: 10W-2E, 50–59N) taken from Christensen and Christensen
(2007); these are shown in the map in Fig. 2.
The GCM ensemble in Table 1 is unevenly composed with some
GCMs contributing with several realizations and others with just
one. Therefore we have analyzed the GCM ensemble in three differ-
ent ways. In the first all simulations are considered equal; this
method gives a lot of weight to the GCM’s where several realiza-
tions are available. In the second case each GCM is only repre-
sented once per line in Table 1; here simulations being different
realizations of the same GCM and RCP scenario have been collected
into sub-ensembles of which only the ensemble mean is used. This
will be referred to as the sub-ensemble approach. Using this
method GCM’s that only contribute with one realization is given
more weight than the others. To give a more fair weighting ofe sub-regions SC, BI and MD indicated.
o a two degrees warmer world on the regional temperature change of Eur-
C.F. Maule et al. / Climate Services xxx (2016) xxx–xxx 5the GCM’s we have applied a third method, where we randomly
draw a subset of the GCM’s where each GCM’s is represented only
once per GCM-RCP combination, and then analyze this subset. This
is repeated 10.000 times and average results are calculated.
To calculate slopes of regional temperature change as a function
of t2C we use the least squares method. To provide uncertainty on
the slopes we apply bootstrapping with replacement on the data
sets. We use 10.000 iterations, and give the uncertainty as one
standard deviation of the bootstrapped slope-values; the slopes
themselves are given as the median value of the bootstrapped
slopes.4. Results
Fig. 3 shows the change in average 2-m air temperature, DTEU,
in Europe from the baseline period (1971–2000) to the t2C time-
slice as a function of t2C for each of the GCM simulations listed in
Table 1; all data points in Fig. 3 therefore represent a +2C world.
As it is evident from the figure, the speed at which +2C is reached
is very different for the different simulations, with the central year
in the 30-year period spanning from 2027 to 2086, and the regional
temperature changeDTEU, spans from less than one degree to more
than 2.5 degrees. To visualize to which scenario each data point
relates, the different RCPs are highlighted using different symbols.
The distribution of the data points exhibits a general trend indicat-
ing that the longer it takes to reach +2C globally, the lower the
temperature change is over Europe. Linear fits of the data are also
shown in the figure for each RCP and for all data points combined.
The total data set and the three RCP-subsets show the same
tendency, but the slope of the trend is smaller for the total data
set than for individual RCPs. We find the slopes to be
0.012 ± 0.002/0.018 ± 0.005/0.014 ± 0.004/0.015 ± 0.004 C/yr
for all/RCP8.5/RCP4.5/RCP2.6, thus all are significantly different
from zero, and overlap more or less.
In the linear fits of Fig. 3, each GCM realization is given the same
weight, which means that the outcome may be skewed in theFig. 3. The change in 2-m air temperature over Europe from the GCMs compared to the
over pre-industrial (1881–1910). Data points are plotted at the central year of the 30-year
and the black line is based on all the data points combined. (For interpretation of the refe
article.)
Please cite this article in press as: Maule, C.F., et al. The effect of the pathway t
ope. (2016), http://dx.doi.org/10.1016/j.cliser.2016.07.002direction of trends given by the GCMs with several realizations;
for example 26 out of the 120 simulations were made with
CSIRO-Mk3-6-0, which gives the behavior of this GCM a large influ-
ence. To account for this effect we have plotted the same data in
Fig. 4 using the sub-ensemble approach. Here for example for
CSIRO-Mk3-6-0, we have calculated the ensemble mean of t2C as
the mean of t2C of the 6 realizations for RCP2.6, and the mean
warming of the 6 realizations, and plotted this as one point. This
reduces the 120 data points in Fig. 3 to 46 data points in Fig. 4.
All the points in Fig. 4 which are based on sub-ensembles of several
realizations of the given GCM-RCP combination are shown with
large symbols, whereas points which are based on just one realiza-
tion are shown with small symbols. It is highlighted which sce-
nario each data point corresponds to below the symbols.
Fig. 4 clearly shows a large variability between the GCMs, some
warm quickly and reach +2C for RCP2.6 long before the time others
reach the same global temperature for RCP8.5, for example
CanESM2 reaches +2C as early as 2035 for RCP2.6, while MRI-
CGCM3 reaches +2C in 2051 for RCP8.5. Several of the GCMs,
including CanESM2, HadGEM2-ES, and GFDL-CM3 warm very
quickly, and the +2C globally is reached before 2040 in several of
the scenarios. Here we see very little dependence of the local tem-
perature change on scenario. This is expected, as the radiative forc-
ing for the three scenarios are very similar until this point in time
(see Fig. 1). Trends are more visible after 2040 but are not consis-
tent. The GCMs are seemingly split into two groups, the largest
group consisting of BCC-CSM1.1, MIROC5, MRI-CGCM3, EC-
EARTH, CSIRO-Mk3-6-0 and MPI-ESM-LR of which 4 are based on
small ensembles, display a tendency of lesser local warming with
increasing t2C. A smaller group consisting of NorESM1-M, CNRM-
CM5 and CCSM4, of which only the latter consists of an ensemble,
shows the opposite tendency, of higher local temperature change
with increasing t2C.
It is particularly interesting to look at the simulations of the
GCMs which have simulated all 3 scenarios. This has, however,
only been done for 7 GCMs, and of these, 3 reach +2C for all scenar-
ios before 2035. Only one GCM, CSIRO-Mk3-6-0, reaches +2C sobaseline period (1971–2000) as a function of when the global average reaches +2C
t2C time-slice. The colored lines are least-squares fits to the data points for each RCP
rences to colour in this figure legend, the reader is referred to the web version of this
o a two degrees warmer world on the regional temperature change of Eur-
Fig. 4. As Fig. 3, but with ensembles of several realizations of the same GCM and scenario reduced to single points. Large symbols indicate means over small ensembles, small
symbols indicate single realizations. The number by each symbol indicates the RCP scenario. Lines are drawn between points from the same GCM but different RCPs. The black
line is the least squares fit to all the data points.
Fig. 5. A) The 2-m air temperature change in Europe from the baseline period (1971–2000) to the +2C period for each GCM-RCM for all grid points within the region EU. B) As
A but for land points only. C) As B but only for DJF. D) As B but only for JJA. E) The regional temperature change of the GCM experiments driving the downscaling simulations
(all grid points). The blue line is the global temperature change from the baseline period to the t2C time-slice (1.54 C). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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C.F. Maule et al. / Climate Services xxx (2016) xxx–xxx 7late that a signal due to different paths to +2C can be expected. The
sub-ensembles of CSIRO-Mk3-6-0 are relatively large with 6–10
ensemble members (see Table 1), and it does indicate that the
regional warming of Europe, DTEU, is smaller when t2C is larger,
at least for this model. However, results from one GCM alone are
insufficient to make any robust conclusions.
A linear fit through the points of Fig. 4 shows a smaller negative
slope (8.8103 ± 3.7103 C/yr) than the general slope of Fig. 3,
but still significantly different from zero. Using the third method
of weighting explained in the methods section, we find a similar
slope of (9.0103 ± 1.3103 C/yr). Finding similar results for
the three different cases of relative weighting of the GCMs indi-
cates that the result of pathway dependence of the European
warming is robust.
Fig. 5 shows the 2-m air temperature change in Europe, DTEU,
from the baseline period (1971–2000) to the +2C period for each
GCM-RCM listed in Table 2; panel A shows the annual mean tem-
perature for all grid points in the region, in panel B, only land
points have been used to calculate the annual mean change. In
panel C the seasonal mean for December-January-February (DJF)
and panel D the seasonal mean for June-July-August (JJA), land
points only, are shown. Panel E of the figure shows the tempera-
ture change of the corresponding GCMs (all grid points) using
the realizations which have been downscaled, for comparison.
Only one of the EC-EARTH realizations which have been down-
scaled is plotted. Comparing panel A and E it is quite clear that
the RCMs only have little influence on the trend; if a GCM which
display a tendency of lesser local warming with increasing t2C, is
downscaled using an RCM, this simulation displays the same
behavior in most cases. The RCMs are however capable of shifting
the temperature change up or down by more than 0.1 C, e.g. the
average regional temperature change of HadGEM-RCA over EU
considering all grid points (Fig. 5A) is less than that of HadGEMFig. 6. DT for land points as a function of t2C for three smaller regions Scandinavia (SC)
differences are visible; Scandinavia shows a high scatter among the RCMs particularly
RCMs, and the British Isles is unique in that almost all regional temperature changes are
plot). Legend is as in Fig. 5. (For interpretation of the references to color in this figure le
Please cite this article in press as: Maule, C.F., et al. The effect of the pathway t
ope. (2016), http://dx.doi.org/10.1016/j.cliser.2016.07.002(Fig. 5E). Recall that all data points in the plots correspond to a glo-
bal temperature change of +2C wrt. pre-industrial times, which for
the two time periods which are compared in the figures is 1.54 C.
It is clear that for most of the RCM experiments the regional tem-
perature change in Europe lies above the global mean temperature
change, which is in accordance with the findings of Vautard et al.
(2014). Panel C and D show that the temperature change in winter
generally is higher than that in summer, and that for some exper-
iments, e.g. CSIRO-RCA, ECEARTH-HIRHAM and MIROC-RCA the
trend differs for summer and winter.
Besides looking at the entire EU domain, we have also looked at
different sub-regions in Europe, to see if there are any regional
effects of warming speed. We investigated all 8 sub-regions from
Christensen and Christensen (2007), but found very similar results
in most of them. Thus, we have chosen to only show three, SC, MD
and BI, which exhibit different characteristics; these are shown in
Fig. 6. Scandinavia is characterized by a very large scatter in the
local temperature change, which is dominated by temperature
change in the winter season. All local temperature changes in this
season are above the global mean change. The Mediterranean is
characterized by little scatter among the RCM simulations, and
for winter, the average regional temperature change is close to
the global mean change. The results for the British Isles are charac-
terized by being at or below the global mean temperature change
for almost all downscaling simulations, and we find very little dif-
ference between summer and winter.
The relation between global and regional annual mean temper-
ature of the all the individual subregions except SC are very close
to the one for all of Europe calculated from the GCMs using the
sub-ensemble approach. In SC we find that the trend is not signif-
icant, due to the large scatter; in this region the GCM-RCMs have
very different projections of particularly the winter temperature
change., Mediterranean (MD) and British Isles (BI), for DJF and JJA. Some distinct regional
in winter. Mediterranean is characterized by a high level of agreement among the
below the global mean temperature change of 1.54 (shown by the blue line in each
gend, the reader is referred to the web version of this article.)
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Our main focus in this study is differences in regional compared
to global temperature change. We expected a difference in the
regional temperature change to be more visible in those experi-
ments where +2C is reached slowly and the difference in t2C
between is large. This is mainly the case for GCMs where +2C is
reached after about 2040, where the RCPs have differed long
enough for the GCMs to have time to react to the difference of
the emission scenarios. It is clear from Fig. 4, that for the GCMs
where +2C is reached before 2040 there is less than 10 years
between t2C in the different scenarios. There are no clear trends
and the regional temperature differences that we do see for some
of the GCMs could possibly be due to decadal variability of the cli-
mate system, although we do try to reduce these effects of decadal
variability by averaging over 30-year time-slices. Of the GCMs
which reach +2C later than 2040 for RCP8.5, six show a decreasing
regional temperature change with increasing time to +2C, but three
show an increase. Thus, there are two groups of GCMs that point in
each their direction with signals of the same order of magnitude.
The upward trending group of GCMs consists only of one
GCM-sub-ensemble, but a relatively large one.
The typical time span between t2C in RCP8.5 and RCP4.5 is
10–15 years, as seen in both Figs. 4 and 5; this is comparable to
timescales in which inertia may play an effective role as seen by
e.g. Held et al., 2010 but it is the same time scale at which internal
variability plays an important role, and based on the present
results these appear to be of comparable magnitude. In some of
the GCM experiments displayed in Fig. 4 there are of the order of
20–30 years between t2c, but these constitute only a few experi-
ments. Delays of 10, 20 and 30 years in reaching a global warming
of +2C corresponds to reduced regional warming by about 0.09,
0.18 and 0.27 C. The longest time scales available of 30 years or
more only occurs for two GCM experiments, CSIRO-Mk3-6-0 and
IPSL-CM5A-LR. The latter does not display a general tendency
and for CSIRO-Mk3-6-0 there appears to be a general tendency,
but only for the ensemble mean of the 6–10 realizations. For the
individual realizations (e.g. r2i1p1 and r4i1p1) of the different sce-
narios this is generally not the case. This points towards that this
effect only is visible when a large ensemble is considered with
enough experiments to provide sufficient statistics.
When all the GCM experiments (each +2C time-slice) are con-
sidered, whether each simulation is considered independent or
whether single-model ensembles are lumped together, and viewed
over a longer time period of 50–70 years there is a tendency of the
regional temperature change over Europe being smaller, the longer
time it takes to reach +2C. These two approaches of considering the
ensemble represent two extremes in weighting the simulations. In
the first case, the GCMs which have most simulations have a strong
influence, and in the second case the GCMs with only one simula-
tion for each scenario are given a strong influence. Using the more
fair way of weighting by randomly selecting single simulations of
different GCMs gives a value in between the two extremes as
expected. The agreement of the result using the three different
weightings indicates that the result is robust. Our finding that
the global temperature change alone does not determine the regio-
nal temperature change is in line with the results of e.g. Gillett
et al. (2011) and Ishizaki et al. (2012).
The European temperature change for the RCM simulations
quite closely reflects the results from the downscaled GCMs, and
the choice of RCM appears to have very little influence on the trend
of the regional temperature change compared to the global tem-
perature change, although the RCMs are capable of shifting the
regional temperature change up or down. This shows that the
downscaling using a given RCM relatively systematically changesPlease cite this article in press as: Maule, C.F., et al. The effect of the pathway t
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can be relatively large, for HadGEM-RCA the downscaling
decreases the average temperature change (all points) by about
0.2 degrees. The regional temperature change in EU for land points
only is larger than that for land and sea points combined as
expected, as land areas warm more than sea-areas (IPCC, 2013).
Splitting the regional temperature change into seasons reveals that
there is a larger span in the regional temperature change in DJF
than in JJA, and that the trend in regional temperature change
may be different in the different seasons. Looking at different
sub-regions within EU, we find that particularly SC is characterized
by a large span in regional temperature change compared to JJA,
and all the simulations agree that the DJF regional temperature
change is larger than the global temperature change. This is con-
trary to the regional temperature change in BI, where, for both
JJA and DJF, most of the simulations predict a smaller change than
the global mean. This is probably due to the slow warming of the
seas surrounding BI, and to the sensitivity of SC temperatures to
the specific descriptions of snow and ice in the RCMs. We have also
investigated the other 5 PRUDENCE sub-regions (Christensen and
Christensen, 2007); Iberian Peninsula, France, Eastern Europe,
Mid-Europe and the Alps. The sub-region of most continental cli-
mate of these are Eastern Europe, and one could imagine that iner-
tia processes could be more visible here than in coastal regions. We
find that the slope here has the same order of magnitude as in the
other subregions, but that the uncertainty of the slope (determined
using bootstrapping) is much smaller.
In IMPACT2C different time-slices for different GCM’s centered
around the same global temperature change was used. Vautard
et al. (2014) found that this approach significantly reduce the
spread in regional temperature change over Europe, compared to
the traditional approach where using a fixed time-slice centered
on the ensemble means t2C; the effect of the pathway on regional
temperature change that we find contributes to the spread of regio-
nal temperature changes that still is present. In IMPACT2C only 5
CORDEX simulations downscaling 4 of the CMIP5 GCM’s has been
used (see e.g. Koutroulis et al., 2016), carefully selected (Mendlik
and Gobiet, 2016) to represent the full CORDEX ensemble in the
best way. The downscaled GCM’s are EC-EARTH and MPI-ESM-LR,
which both have a tendency of decreasing regional temperature
change with increasing time to t2c, and HadGEM2-ES and IPSL-
CM5A-MR, both of which warm very fast and reach +2C before
we expect to be able to discern any pathway effect. Using the
IMPACT2C ensemble of CORDEX simulations for the +2C time-
slices, Koutroulis et al. (2016) found that the regional temperature
change for the island of Crete will be 1.69 C following the RCP4.5
scenario, but 1.80 C following the RCP8.5 scenario, which reaches
t2c about 10 years faster; this finding is in correspondence with
our results. Grillakis et al. (2015) studied the change in several tour-
ism climate indices for the same simulations and also found differ-
ences in the projected changes depending on whether the +2C
world was reached through RCP4.5 or RCP8.5, but they find that
the differences are mainly attributed to differences in the projected
wind but also in precipitation. The difference in the projected tem-
perature is small, and apparently does not affect the climate indices
much. However, it should be noted that for both the study by
Grillakis et al. (2015) as well as for that of Koutroulis et al. (2016),
the model ensembles used for RCP4.5 and RCP8.5 are not com-
pletely the same (RCP8.5 has one model less than RCP4.5), and this
may naturally also influence the comparisons done in these studies.
Déqué et al. (2016), determined the regional temperature change
for the +2C world for tropical Africa, but unfortunately only for
one scenario (RCP4.5); it would have been interesting if also
RCP8.5 had been investigated to see, if there would be a difference
in the regional temperature change here as well.o a two degrees warmer world on the regional temperature change of Eur-
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alone from the baseline period. The dynamical downscaling of the
RCM’s does not conserve the average climate change signal over
Europe, and if the RCM climate was embedded in the climate signal
of the GCM’s in the EU domain, the climate change signal of
temperature might not be +2C with an accuracy of two decimals,
however, this effect is likely to be small.
6. Conclusions
We investigated whether the regional temperature change over
Europe corresponding to a +2C global warming is dependent on the
time it takes to reach +2C, i.e. on the scenario followed, using an
ensemble of CMIP5 simulations. We find that the individual GCMs
do not systematically agree on any scenario dependence of regio-
nal warming over Europe compared to global warming, but when
considering the GCM ensemble as a whole, a small robust trend
is evident.
The effect is, however, small compared to the variability of the
individual simulations of the same GCM-RCP combination. The
scatter among the individual GCMs is even larger yet. Therefore
the effect of this feature is likely to be very small in particular on
the time scales involved in reaching +2C between RCP8.5 and
RCP4.5. Thus the general approach taken in IMPACT2C that the
+2C climate of several different simulations from different time-
slices and scenarios can be comprised into an ensemble represent-
ing the +2C world, is unlikely to suffer significantly from thermal
inertia processes.
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